The hexactinellid sponge Monorhaphis chuni possesses with its giant basal spicules the largest biosilica structure on Earth. The approximately 8.5-mm-thick spicules are composed of up to 800 lamellae. By application of high-resolution electron microscopy (HR-SEM), it is shown that within the siliceous lamellae a proteinaceous scaffold exists which is composed of one protein of a size of 27 kDa. Analyses with Fourier transform infrared (FT-IR) emission and energy-dispersive X-ray (EDX) spectroscopy support this localization of the protein. No evidence for the presence of protein on the surfaces of the lamellae could be obtained. Heating the giant basal spicule to 600 °C destroys and eliminates the protein scaffold. At a temperature of 1600 °C, the lamellae fuse to solid glass via a nonstructured, foamed-up molten transition state. Elevation of the temperature to 2700 °C results in the formation of silica drops (Euplectella aspergillum). After the elimination of the protein scaffold from the silica lamellae, the spicules lose their mechanical characteristics of the original hydrated silica/protein composite to be flexible and simultaneously stiff and tough. The data presented here are expected to contribute to technologies suited to fabricate novel organic/inorganic (silica) hybrid fibers.
INTRODUCTION
Nature produces the best materials with respect to mechanical, optical, or chemical properties. Therefore, natural bioinorganic materials constitute a rich source of inspiration for novel biomaterials. It was Mayer [1] who categorized and structured the strategies of nature to build rigid materials. Silicon, the second most abundant element on the Earth's crust, forms in combination with oxygen technologically important inorganic compounds [2, 3] . Silica (SiO 2 ؒnH 2 O) is used as a component for application in opto-and microelectronics; however, the major field of use of biosilica will be expected in the field At present, these two species are considered to be synonymous [26] ; therefore, we term this species here operationally M. chuni. For the experiments, described here, specimens collected from the South Chinese Sea (Guangzhou Marine Geological Survey; China), have been used. For the melting experiments, the skeleton of the hexactinellid Euplectella aspergillum (Porifera:Hexactinellida:Hexactinosida:Euplectellidae) has been used, since the Monorhaphis spicules are too rare for bulk experiments. E. aspergillum had been purchased from Cebu City (Cebu; Philippines) and had a size of about 20 cm. In addition, giant spicules from the hexactinellid Hyalonema sieboldi (Porifera:Hexactinellida: Amphidiscosida:Hyalonematidae) have been used for the demonstration that during bending of the spicules (length about 300 mm; diameter ~0.8 mm) piles of lamellae are spalling off, starting from the surface of the spicules.
Spicules and spicule extracts
The spicules were treated with an ultra-sonicator (S3000; IUL Instruments, Königswinter; Germany) to remove loosely attached organic material and then used for the analysis of the collagen sheet attached to their surfaces. In addition, they were treated with sulfuric/nitric acid to assure that all organic material, exposed to the siliceous spicules, had been removed [20] .
For the release of the protein lattice the Monorhaphis spicules, more precisely their lamellae, were treated with hydrofluoric acid (HF) for 1-5 h as described [7, 20, 21] . A complete dissolution of the silica material from the spicules was achieved in a buffered solution of 6 M HF/8 M NH 4 F after 12 h.
For NaDodSO 4 -PAGE analysis, protein from the lamellae from the outer region (1 mm) of the 3-5-mm-thick giant basal spicules was prepared. The lamellae were removed mechanically from the spicules and treated again with sulfuric/nitric acid. Subsequently, the lamellae were subjected to HF until the siliceous material was completely dissolved. Then the suspension was immediately dialyzed (3 times) against 5 l of 50 mM Tris-HCl buffer (pH 9.0; 100 mM NaCl, 10 mM EDTA) at 4 °C for 4 h each. The remaining organic material was collected and analyzed by gel electrophoresis. For the isolation of protein 500 μg of lamellae (starting weight) were extracted with 500 ml of the Tris-HCl buffer. Where indicated, the Monorhaphis spicules had been treated in air at 600 °C for 20 min in a tube oven.
Iridium-strip heater system
The design of the Ir-strip heater has been described in detail [27] . Melting was performed in a sealed steel box under an excess pressure of argon. The spicule samples were placed onto an iridium strip (Heraeus, Hanau; Germany). The strips were clamped onto two copper poles, which were connected to a transformer. The melting time and temperature were set to 5-30 s, and 1600 °C. Temperature measurement was performed with a pyrometer that had been calibrated against a Thermocoax Pt-30 %Rh/Pt-6 %Rh thermal element.
Melting experiments
For the melting experiments of E. aspergillum (drop formation) an acetylene (Linde, Mainz; Germany) flame of a regular workshop burner that generated a temperature of about 2700 °C was used.
Electron microscopy
HR-SEM analysis was carried out using a broken spicule, lamellae, or the protein material within the lamellae, in a LEO 1530 Gemini field-emission scanning electron microscope (FESEM) within the range 1 and 5 kV. The signals were detected (in-lens annular, secondary electron) and processed (pixel averaging, frame integration/continuous averaging). The samples were mounted onto stubs (carbon adhesive Leit-Tabs G3347 [Plano, Wetzlar; Germany]).
NaDodSO 4 -PAGE and Western blot analysis
Protein samples from lamellae were subjected to NaDodSO 4 -PAGE. Spicule extracts containing 1-3 μg of protein (equivalent to 50 μg spicular material) were dissolved in loading buffer (Roti-Load; Roth, Karlsruhe; Germany), boiled for 5 min, and then subjected to 10 % PAGE, containing 0.1 % NaDodSO 4 [28] . Details were given earlier [22] . The gels were stained in Coomassie brilliant blue.
Western blot analysis was performed as described [18, 22] , using polyclonal antibodies that had been raised against silicatein from S. domuncula (PoAb-aSilic, No. N365), as described earlier [18] .
Energy-dispersive X-ray analysis
EDX analysis of the spicules was performed on SEM images (back-scattered mode) using a Philips XL 30 ESEM microscope as described [29] . The EDAX Genesis EDX System, attached to a scanning electron microscope (Nova 600 Nanolab; FEI, Eindhoven; The Netherlands) operating at 10 kV with a collection time of 30 s, had been used. Areas of approximately 1-5 μm 2 were analyzed by EDX.
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Fourier transform infrared emission spectroscopy
For FT-IR emission spectroscopy, samples of Monorhaphis spicules (3 mg each) were ground in a mortar and milled with potassium bromide (KBr) to a very fine powder. The powder was then compressed into disk pellets. For heat-treated Monorhaphis spicules, the cast film technique was applied. The heattreated spicule (3 mg) was suspended in methylene chloride, placed onto the surface of the KBr disk, and the solvent was evaporated, allowing the spicule to attach to the disk. FT-IR spectra of the heattreated spicule were recorded on an infrared spectroscope (2030 Galaxy FT-IR spectrometer; Mattson Instruments, Madison, WI, USA) at room temperature as described [30] .
Determination of the mechanical properties of the spicules: Three-point bending system
For the analysis of the flexural properties of the giant basal spicules, specimens between 30 and 35 mm in length were tested as described [26, 29, [31] [32] [33] . The spicules had been stored in wet chambers and kept at 4 °C, prior to use. The thickness of the spicules ranged from 2.1 to 2.5 mm. Samples were cut using a disk saw, to avoid cracking, as described and illustrated [29] . For the determination of the deflexion, the spicule sample was fixed in a three-point bending system (WDW 3020, Changchun, China), selecting a fixture with a 20-mm span and an articulated center-loading rod at a cross-head rate of 0.2 mm/min. The measurements were performed with a computer-controlled MTS servo-hydraulic test frame. Both cross-head displacement and load were automatically recorded throughout the tests [29] .
Determination of the mechanical properties of the spicules: Circular bending
A giant spicule from H. sieboldi (~300 to ~0.8 mm) had been inserted into a traction device between two moving rubber wheels. Subsequently, a continuous pulling of the spicule was achieved by a motor. The steps of breakage were recorded with a high-speed camera.
Analytical method
For the quantification of protein, the Bradford method [34] (Roti-Quant solution, Roth) was used.
RESULTS
The central experiments have been performed with the giant basal spicules from M. chuni. For the melting experiments, skeletons of complete specimens of E. aspergillum have been used; and for the circumvolution bending experiments, the giant spicules from H. sieboldi were employed.
Proteinaceous component in the lamellae of M. chuni
Three different approaches have been applied to demonstrate that the siliceous lamellae (4-7 μm thick) of the spicules contain within their inorganic matrix a proteinaceous scaffold.
Electron microscopic analysis (SEM, HR-SEM) As described earlier [29] , the surfaces of the spicules, cleaned with sulfuric/nitric acid to remove organic material, and also those of their composing lamellae, are free from detectable organic structures ( Fig. 2A) , if analyzed by SEM analysis. However, after exposure to HF, the organic scaffold becomes progressively visible. After a short exposure period of 1 h, the decomposition of the silica lamellae starts from the surface of individual lamellae, setting free wrinkled structures (Fig. 2B) . A longer exposure period [2 h (Figs. 2C,D ) or 5 h (Fig. 2E) ] results in a progressive dissolution of the lamellae. After 5 h, the proteinaceous scaffolds within the siliceous matrix of each lamella are uncovered ( Fig. 2E ). These scaffolds display organized structural pattern/sheets (Fig. 2F) . The curtain-like sheets comprise holes with a diameter of approximately 100 nm. The rims of the holes are reinforced with thicker spheres. If the dissolution process was performed under strict avoidance of shear forces, complete proteinaceous scaffolds of lamellae can be set free (Fig. 2G ). This latter result was taken as a first strong indication that the proteinaceous material within an individual lamella builds an organized web.
NaDodSO 4 -PAGE, Western blot
As further proof for the existence of a protein within the silica material, individual lamellae were prepared. To make it even more sure that no "contaminating" material, assumed to exist on the surface of the lamellae [36] , has been included in the samples, the individual lamellae were treated again with sulfuric/nitric acid. Subsequently, the lamellae were transferred to HF to completely dissolve the inorganic silica. The remaining organic material was size-fractionated by NaDodSO 4 -PAGE and stained with Coomassie brilliant blue. The stained gel showed only one protein band of a size of 27 kDa (Fig. 3A , lane a). Both on the top of the gel and within the sample gel, no protein band can be visualized. In order to confirm the previously collected/documented evidence that this 27-kDa protein cross-reacts with antibodies raised against silicatein, Western blot analysis was performed. Using this procedure, it could be shown that this 27-kDa band is recognized by the antibody preparation (Fig. 3B , lane a). In a parallel experiment, it was clarified that this antibody reaction is specific, since a preparation that had been adsorbed with recombinant silicatein from S. domuncula did not show any reaction (data not given). The individual lamellae were treated with sulfuric/nitric acid to remove potentially existing organic residues. Subsequently, the lamellae were exposed to HF to completely dissolute the silica material. The remaining protein was collected and subjected to 10 % NaDodSO 4 -PAGE, as described under "Materials and methods". A protein sample from non-heat-treated lamellae (lane a) and from heat-treated lamellae (h), 600 °C for 20 min (extraction by equi-weight ratio), (lane b) were size separated. The gel was stained with Coomassie brilliant blue. (B) Corresponding Western blot. After size separation and transfer, the blot was reacted with polyclonal antibodies raised against silicatein. In lane a, in non-heat-treated lamellae, the single 27-kDa protein becomes brightly stained after incubation with the labeled secondary antibody preparation. In the extract from heat-treated lamellae (h), no antigen-antibody complexes can be identified.
SEM/EDX analysis EDX analysis is a powerful technique for the study of organic components existing in surface regions of a given substratum. An energy of 10 kV (30 s) was selected which will also ensure the analysis of the material beneath the surface. The SEM analysis (Fig. 4A) shows the piling of the silica lamellae. If the EDX analysis is performed on samples from the surface of the lamellae high levels of silicon (Si) and oxygen (O) can be measured, with over 98 wt %, while carbon (C) contributes to less than 2 wt % (Fig. 4C ).
Fourier transform infrared emission spectroscopy FT-IR spectroscopy has been performed with native and heat-treated Monorhaphis samples. The IR spectrum of the native Monorhapis spicule (Fig. 5 , red line) shows the characteristic pattern for the vibrational mode of silica (500-1300 cm -1 range) [13] . The peaks in the spectrum can be explained as follows: the symmetric stretching signals originate from the bending of the Si-O-Si linkages (795.7 cm -1 ); and the asymmetric stretching (1200 cm -1 ) reflects likewise the Si-O-Si groups. Smooth bands in the 1600-2200 cm -1 range are due to silica modes. In addition, the peak that is present at 1637.0 shows a characteristic pattern for amide (peptide) bonds, due to the presence of organic matter, e.g., proteins. This mode is in the region of C=O stretching of peptide bonds and forms the "amide I bands" [35] . The signals within the 2400-3700 cm -1 range can be attributed to the hydroxyl (-OH) stretching and vibration modes which are due to the silanol groups on the spicule surface and to the existence of hydrogen bonds that are present in organic material. This broad range also includes modes for amine groups (-NH 2 ), which is confirmed by the peak found at 2300 cm -1 .
X. WANG et al. 
Heat-treatment of lamellae of M. chuni
In this series of experiments the lamellae were treated by heat to elucidate whether the protein(s) existing there can be eliminated.
Electron microscopic analysis (SEM)
Lamellae were treated at 600 °C for 20 min in a tube oven. After this process the spicules were analyzed by SEM. The images (Fig. 6) show that no defects in the lamellar structures were caused. The giant basal spicule had been sectioned along its longer axis and one half was analyzed by SEM; it is apparent that the concentrically arranged sheets/lamellae open up and unfold (Fig. 6A) . The different lamellae, constructing the spicules remained separated (Fig. 6B ). 
NaDodSO 4 -PAGE, Western blot
After heat-treatment the lamellae were extracted at an equi-weight ratio, with respect to the extraction of non-heat-treated specimens, with Tris-HCl buffer. The resulting materials were size-separated by NaDodSO 4 -PAGE. As seen in Fig. 3A (lane b) no protein band could be resolved. Likewise, no other band could be visualized by Coomassie brilliant blue staining. Finally, no band (antigen-antibody complex) could be identified by Western blot analysis ( Fig. 3B; lane b) .
SEM/EDX analysis
The heat-treated lamellae (600 °C for 20 min) from spicules show the same architecture as the nontreated lamellae (Fig. 4B) . In contrast to the EDX spectrum from non-heat-treated material, that of heattreated lamellae did not contain a measurable peak corresponding to carbon (Fig. 4D) .
FT-IR emission spectroscopy
In contrast to the spectrum from non-treated lamellae, the FT-IR spectrum from lamellae that had been treated at 600 °C showed a series of distinct differences (Fig. 5, black line) . Striking is the reduction of the broad peak found in the 2400-3700 cm -1 range in the heat-treated sample. Likewise surprising is the disappearance of the amine group signals in the 2300 cm -1 range. Also there, heat modifies the Si-O surface of the spicules, as can be deduced from the complete absence of -OH group signals from silanols in the spectra. This fact is very likely due to a process called dehydroxylation [30] . However, the remaining peaks are coincident with the characteristic pattern for the different vibrational modes of inorganic silica structure constitutive of the spicule [13] .
Iridium-strip heater system Disintegration of the lamellar structure within the giant basal spicules occurred after treatment at 1600 °C. Spicule samples were placed onto an Ir strip for increasing periods of time. Nontreated spicules show the characteristic 4-7-μm-thick lamellar organization (Fig. 7A) . Based on earlier descriptions [20] a distinct zonation can be distinguished with the axial canal (diameter: ≈1 μm) in the center and the surrounding 100-150-μm-large axial cylinder of electron-dense homogeneous silica. This structure is encased by up to 400 lamellae within the lamellar region. This distinct lamellar organization is destroyed if the spicules are heated (in the lateral orientation) at 1600 °C (Fig. 7B) . The lamellae fuse if the heating period exceeds 30 s (Fig. 7B) . At a shorter heating period (5 s), a cracking of the lamellae is seen (Fig. 7C) , while at the intermediate period of time (10-30 s) a disintegration of the lamellae occurs under simultaneous appearance of a nonstructured, foamed-up molten mass at that side which had been exposed to the heat. With increasing time, this mass increases in volume while the lamellar zone shrinks (Figs. 7E,F) .
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Formation of silica drops in acetylene flame
In view of the recent finding that the spicules from M. chuni comprise up to 99.2 % of their inorganic material as Si and O, it can be concluded that the polysilicate of Monorhaphis has the quality of quartz glass [36] . To elucidate if glass sponge silica has the property to form glass beads, the entire skeleton of an E. aspergillum specimen was treated with an acetylene flame burner. The flame with a temperature of 2700 °C was directed toward the foot, the anchor-like basalia with which the animals are attached to the substratum (Fig. 8A) . Already after 1 min of exposure the spicules turn to bright red and the spicules fuse (Fig. 8B ). In the subsequent 5 min, the spicules form glass beads (Figs. 8C-E) . Very fast, within 1-2 min after removal of the heat, the beads cool and solidify (Fig. 8F ). In the heat-exposed opposite side (h) the lamellae are disintegrated and are replaced by a nonstructured, foamed-up molten mass (1600 °C; 10 s). Extension of the heat treatment resulted in an increase of the region displaying this molten mass (E; 10 s and F; 20 s). The two regions; heat-exposed (h) and lamellar region (la) are marked.
Mechanical properties of the spicules: Flexural properties
The measurement for the flexural properties of an individual giant basal spicule of a length between 30 and 35 mm was performed in the three-point bend assay system. Spicule samples [2.1-2.6 mm (diameter)] were bent with a cross-head rate of 0.2 mm/min. The representative load-displacement curve recorded with untreated spicules showed the characteristic sequential breaking pattern [36, 37] . Due to the lamellar organization of the spicules, the surface lamellae break first, a process which requires 230 N (point B). It is typical that the deflection B-C does not drop to zero. Following the viscoelastic view [38] the more central lamellae do not burst and cause resistance. In the following consecutive time interval, the subjacent lamellae break and the displacement curve reaches a value of 145 N (at D). Usually, a third flexural stress peak is reached at 128 N which has to be attributed to the inner layers of the lamellar region of the spicules (at F). Finally, the lamellae of the axial cylinder break, which displays no distinct linear/peak fracture curve [29] ; the resistance of the lamellae is much lower in that region and simulates a flexible displacement (at H); Fig. 9 (red line). Very much in contrast is the cross-head displacement record obtained with heat-treated spicules (600 °C); Fig. 9 (recording in black) . The initial resistance of the spicules is much higher in comparison with the non-treated controls. A force of 365 N is needed to break the spicule (at B'), when the heattreated spicule undergoes an almost complete breakage. A deflection B'-C' occurs which is only slightly retarded at 30 N (C'-D'), and followed by a final resistance at 5-0 N (E'-F'). These data demonstrate that the heat-treated spicules have lost the characteristic properties of the natural spicules, to comprise stiffness, flexibility, and toughness. To extend our previous SEM studies on the breaking, and chipping off of the outermost lamellae during bending in the three-point bend assay system [29] , using Monorhaphis giant basal spicules, we have used here giant spicules from H. sieboldi to record in a traction device, and in a dynamic manner, the spalling of the respective outer lamellae. The spicules were subjected to a circular tension in order to record their step-wise breakage (Fig. 10) . During continuous pulling/traction, the outer lamellae of the spicule did not spall off, even after having completely bent the spicule by one circumvolution (Fig. 10A) . However, if the diameter of the circular torsion of the wrapped around spicule decreases below 4 cm, the first set of the outer lamellae blasts off (Fig. 10B) . Then another period of flexible bending proceeds until the second breakage point is reached (Fig. 10F) . Again, a further flexible bending phase takes place until a third spalling of the lamellae occurs, followed by a final fracture of the spicule (Fig. 10K) . 
DISCUSSION
Using mollusk shell structures and sponge spicules as model systems, the basis for the understanding of the mechanical stability of rigid biological systems has been outlined by Mayer [1] . One key principle providing those materials with strength, stiffness, and toughness has been attributed to the presence of organic polymers within inorganic matrices. While it is well documented that in mollusk shells the organic/proteinaceous layers surround the CaCO 3 platelets [1, 39] , the location of the protein(s) within the sponge spicules is under discussion. Since Levi [40] , the giant basal spicules from the hexactinellid Monorhaphis gained great interest because of their remarkable property to combine toughness with stiffness and resilience. Later, the lamellar morphology of these spicules was studied with advanced electron microscopical methods [20, 21] . Even though HR-SEM analyses had been performed, no protein stratum could be identified between the silica layers [29] . The view that a proteinaceous sheet exists between the silica layers, as initially reported in 1904 [37] could not been substantiated, neither in demosponges [18] nor in hexactinellids [20] . Recently, it had been demonstrated that a protein lattice exists within the inorganic matrix [22] . Published studies, claiming a different localization of the protein within the spicules, meaning that proteinaceous components (collagen) exist between individual lamellae [26] , require biochemical substantiation. While in the earlier study, the protein components within the spicules have been identified as silicatein, based on immuno-biochemical studies [22] , Ehrlich [34, 35] suggested that the organic material was collagen. The data given by the latter group are restricted to amino acid analyses of protein(s), extracted for 14 days with 2.5 M NaOH solution at 37 °C, from spicules of glass sponges, e.g., Hyalonema sieboldi [25] and Monorhaphis [41] . It is well established [42] , and also applicable here, that under those conditions protein hydrolysis may occur. The determined high glycine content alone found in those extracts [25, 41] is surely not indicative enough for the existence of collagen. The additionally mentioned results from Edman degradation [25] or NaDodSO 4 -PAGE [35] which remained unpub- lished will surely not help to substantiate that view. It should be also considered that only about 30 terminal residues will be identified by Edman degradation which usually do not contain the characteristic amino acid triplet Gly-X-X [43] .
In the presented study we have used, in contrast, a gentle HF extraction procedure, which might cause some post-translation modifications, e.g., phosphorylations, at the most [42] . However, besides these post-translational modifications, no protein degradation could be determined. In addition, for the extraction of protein lamellae from cleaned spicules have been used, avoiding any contamination with collagen fibrils that might have existed in the cast of the spicules. This approach unambiguously showed that it is silicatein which is detected in the inorganic matrix. This conclusion is supported also by a recent finding that demonstrates also the existence of the silicatein gene in hexactinellids [23] .
Applying the same harsh extraction conditions (2.5 M NaOH, 14 days, 37 °C), structures have been visualized by SEM images, suggesting that dendritic collagen fibrils might exist between the individual lamellae [41] . However, no controls (nontreated lamellae) have yet been presented. In our SEM images it is obvious that any sign of protein layers at the surface of the lamellae is missing. However, after mild HF exposure, the proteinaceous scaffold is progressively released which has the dimensions, both in size and form, of an individual lamella.
It has been argued that it is collagen that mediates silicification [41] . However, details, e.g., concentration of the silane in the enzyme assay and documentation of analytical results, await to be presented. It should be stressed here that the characteristic feature of the silicatein reaction is that the enzymatic reaction proceeds at lower silicate-monomer concentrations, e.g., 60 μM [10] .
In the studies, presented here, the element composition of the lamellae has been determined by EDX. Besides silicon and oxygen, only minute concentrations of carbon (<2 %) have been detected on the surfaces of the lamellae, suggesting also a likewise minor presence of protein at the surface or the subjacent region. Basically, this finding is in agreement with the published data [44] , which report on the presence of carbon and nitrogen besides silicon and oxygen on surfaces of spicules from hexactinellids. It is established that by variation of the primary energy and incline the surface sensitivity of the EDX technique is prone to mis-measurements [45] . However, in our determinations we have used an acceleration voltage of 10 kV and plain surfaces to avoid those interferences.
From our data, we deduce that there is no reason to assume that protein fibrils or other proteinaceous material exist on the lamellae of the spicules, but it is found within those structural units. In order to build on the recently gathered intriguing data on the unusually high fracture resistance of the giant basal spicules from Monorhaphis [44] , it was asked if the protein lattice within the composite structure plays a crucial role in the mechanical stability. These authors already speculated that this property is largely to be attributed to the spicule architecture, meaning the alternating concentric rings of hydrated silica with its proteinaceous material [44] . At present, the most direct feasible way to resolve this question is to denature the protein in the spicules by heat as described already in 1928 [46] . This treatment will result in the destruction of the polymeric, fractal-like assemblies of silicatein (to be published), the denaturation of the primary and secondary structure of the protein and-at intensified conditions-also in removal of the protein from the spicules.
After laying a giant basal spicule from Monorhaphis onto an Ir-strip heater system (1600 °C), the distinct lamellar organization of the giant basal spicule is lost and the lamellae fuse. Prior to this process, the lamellae crack and the fragments undergo transformation into a foamed, molten mass that proceeds to fused glass material that does not contain any "honeycombs" and appears again crystal clear. The subsequent formation of glass drops after prolonged heat exposure was studied using the hexactinellid E. aspergillum. This specimen with its circular and longitudinal skeletal guide beam (diameter of around 1 mm) readily melted at a temperature of 2700 °C under formation of glass beads. Interestingly, during this drop formation it was not possible to melt together sponge bioglass with manmade amorphous glass (fused quartz) produced from silica under high temperature, even after addition of increasing concentrations of sodium carbonate (to be published). This property cannot yet be ex-plained, since the sponge bioglass contains besides amorphous fused quartz only the most minute ingredients, e.g., sodium [36] .
During heat exposure (600 °C), the protein component of the lamellae is cleared, as determined by NaDodSO 4 -PAGE. Not even traces of protein (27 kDa) could be identified by the Western blot technique. To confirm this conclusion, EDX analyses have been performed from the surface of the lamellae, which likewise showed that carbon, which is present in the native lamellae in low portions, is completely absent in heat-treated samples. Finally, we analyzed the lamellae prior and after heat exposure by FT-IR spectroscopy. The results show that after heat treatment the characteristic bonds, reflecting the amine groups, -OH groups, and silanols are absent. These data indicate that after heat treatment (≥600 °C) the protein component of the spicule is lost and the silica lamellae are fused together. Even though FT-IR spectroscopy has been demonstrated to be one of the most powerful methods for material characterization, it is occasionally limited, especially for materials with weak infrared absorption [47] . However, for the detection of protein within an inorganic component this technique appears to be suited.
In the final part of the study, the mechanical stability of the nontreated and the heat-treated was investigated. Previously, the characteristic property of the natural spicules, to enfold stiffness, flexibility, and toughness, has been outlined in detail [22, 30] . These spicules break sequentially always averted by the intactness of the subjacent lamellae. Only during the last burst, that comprises only 15 % of the total resistance of the spicules, a flexible displacement process without resistance is recorded, which might be due to the different protein composition of the axial cylinder [22] . In contrast, the heat-treated spicules show a load-displacement curve which displays only one energy dissipation peak. The level reached exceeds that seen for the first break point of nontreated spicules by 50 %, however, on expense of the combined properties stiffness with flexibility. Following the introduced nomenclature [1] , the normal spicules show a load-displacement curve which is characteristic for segmented composites, whereas heat-treated spicules break like composites with continuous layers. Using a giant spicule from H. sieboldi the stepwise breakage of the respective surface lamellae has been recorded by a high-speed camera. These sequences show impressively the step-wise breakage of the spicule, interrupted by periods of flexible bending.
CONCLUSION
In conclusion, the data summarized here provide comprehensive evidence that the giant basal spicules of Monorhaphis, very likely to be extrapolated also to spicules from other hexactinellid species, are composed of lamellae which contain within their siliceous matrix a proteinaceous scaffold and not-as previously assumed-a protein layer between the individual lamellae. Hence, the composition of the spicules can be characterized as a genuine protein-enforced glass lamellar composite. The only (or major) component of the proteinaceous and fortifying scaffold is the spicule-synthesizing enzyme silicatein. Since the silicatein molecules from demosponges [48] and hexactinellids (to be published) form oligo-and polymers, the tear and breaking strength of the native spicules is attributed to lamellar protein/glass hybrid lamellae. Those fibers are formed-in contrast to the man-made glass hybrid composites-in nature at ambient temperature, below 30 °C. Hence, based on the results given here we expect for the future the development of biotechnological approaches allowing the fabrication of organic/inorganic (silica) hybrid fibers, suitable, for example, to build biosensors that are combined with a optofiber/waveguide connector. 
